In this study, the effect of radio frequency (RF) power on nickel (Ni) film deposition was studied to investigate the applications of lowering the contact resistance in the NiSi/Si junction. The RF powers of 100, 150, and 200 W were used for the deposition of the Ni film on an n/p silicon substrate. RMS roughnesses of 1.354, 1.174 and 1.338 nm were obtained at 100, 150, and 200 W, respectively. A circular transmission line model (CTLM) pattern was used to obtain the contact resistance for three different RF-power-deposited films. The lowest contact resistivity of 5.84 × 10 −5 Ω-cm 2 was obtained for the NiSi/n-Si substrate for Ni film deposited at 150 W RF power.
Introduction
Nickel silicide (NiSi) is a promising metal silicide material for the fabricating source/drain (S/D) contacts in electronic devices; the downscaling of a device leads to an uncontrollable increase in the contact resistance in the S/D and gate electrodes [1] [2] [3] . NiSi, by virtue of its characteristic properties such as its low-temperature processing, low silicon consumption, and low resistivity phase compared to other metal silicides, has been studied intensively by various research groups. Ramly et al. reported a study on the controlled diffusion of Ni in the formation of NiSi with different Ni thicknesses for the application of a supercapacitor electrode [4] . Vijselaar et al. studied the effect of a NiSi interlayer on Si substrates for the fabrication of a photoelectrode for photocatalytic properties [5] . Marshall et al. reported the NiSi as a passivated tunneling contact for application in high-efficiency solar cells [6] . However, obtaining a low-resistivity NiSi phase still remains a critical issue for high-efficiency electronic devices. In this context, obtaining low-resistance NiSi is essential for high-performance devices. Previous reports have shown that, by controlling the Ni diffusion through Si, the NiSi phase can be selectively obtained. Kousseifi et al. used a Pt intermixed layer to control the NiSi phase [7] . Jung et al. used an ultraviolet laser to obtain NiSi through a photo-thermal process [8] . Fouet et al. studied the silicide formation using different Ni film thicknesses to control NiSi formation [9] . Tous et al. obtained the direct formation of the NiSi phase using the excimer laser annealing (ELA) process [10] . Different methods have been reported for growing NiSi films for various applications. Kwang et al. studied the interfacial properties of NiSi films deposited by using atomic layer deposition [11] . Mahdi et al. reported well-aligned NiSi/SiC core-shell nanowire growth by hot-wire chemical vapor deposition to enhance the electrical properties of NiSi [12] . Koichi et al. introduced a cyclic deposition process using molecular beam epitaxy (MBE) to grow NiSi for low-resistance films [13] . Azimirad et al. studied the thermal stability of NiSi film by a co-sputtering process and reported the thermal stability of NiSi to be improved by using a platinum interlayer structure on the Si substrate [14] .
Therefore, greater understanding of the formation and control of NiSi is needed. To achieve this, the quality and stability of the Ni film are also very important. Ni films can be deposited by various methods such as chemical vapor deposition (CVD), atomic layer deposition (ALD), sputtering, MBE, thermal evaporation, pulsed laser deposition, electroplating [15] [16] [17] [18] [19] [20] [21] , etc. Among these techniques, vapor deposition through conventional sputtering still remains the most widely used process for metal film deposition. However, to date, the effect of RF power on the contact resistance of the NiSi/Si junctions has not been reported.
In this study, Ni films were deposited with different RF powers, and the influence of the RF power on its surface and structural properties was investigated. Finally, NiSi was obtained by the rapid temperature annealing (RTA) of the different Ni films, and the contact resistance was measured using the circular transmission line model (CTLM) procedure.
Materials and Methods

Ni Films Deposition
The Ni film samples were deposited by using an RF sputtering process on Si (100) substrates. Initially, the substrates were cleaned in dilute HF solution for 150 s and subsequently rinsed in de-ionized water and dried using nitrogen purging. Then, the samples were inserted into the sputtering chamber until the base pressure of the sputtering chamber reached 5.0 × 10 −7 Torr. After that, an argon flow of 1.8 sccm flowed into the chamber, and the chamber pressure was maintained at 2.5 mTorr using a pressure gauge. The Ni film was deposited at three different RF powers of 100, 150, and 200 W and the deposition time was fixed to 20 min.
Nickel Silicide Fabrication and Contact Resistance Measurement
Two types of Si substrates were used to measure the contact resistance of NiSi. Arsenic (As) and boron fluoride (BF 2 ) were used as n and p dopants, by ion implantation with a dose of 5 × 10 15 cm −2 at 50 keV to obtain n/p-Si substrates, respectively. The in-situ deposition of nickel followed by titanium nitride Ni/TiN [15/10 nm] was performed on n/p-Si substrates at optimized conditions of an Ar flow rate 1.8 sccm and a chamber pressure of 2.5 mTorr and different RF powers of 100, 150 and 200 W, followed by the RTA process at 400 • C for 30 s to obtain NiSi. The TiN film was used as a capping layer to prevent the oxidation of Ni during thermal annealing. The CTLM pattern was fabricated on the substrates to measure the contact resistance. Figure 1 shows the experimental flow chart. Therefore, greater understanding of the formation and control of NiSi is needed. To achieve this, the quality and stability of the Ni film are also very important. Ni films can be deposited by various methods such as chemical vapor deposition (CVD), atomic layer deposition (ALD), sputtering, MBE, thermal evaporation, pulsed laser deposition, electroplating [15] [16] [17] [18] [19] [20] [21] , etc. Among these techniques, vapor deposition through conventional sputtering still remains the most widely used process for metal film deposition. However, to date, the effect of RF power on the contact resistance of the NiSi/Si junctions has not been reported.
Materials and Methods
Ni Films Deposition
The Ni film samples were deposited by using an RF sputtering process on Si (100) substrates. Initially, the substrates were cleaned in dilute HF solution for 150 s and subsequently rinsed in deionized water and dried using nitrogen purging. Then, the samples were inserted into the sputtering chamber until the base pressure of the sputtering chamber reached 5.0 × 10 −7 Torr. After that, an argon flow of 1.8 sccm flowed into the chamber, and the chamber pressure was maintained at 2.5 mTorr using a pressure gauge. The Ni film was deposited at three different RF powers of 100, 150, and 200 W and the deposition time was fixed to 20 min.
Nickel Silicide Fabrication and Contact Resistance Measurement
Two types of Si substrates were used to measure the contact resistance of NiSi. Arsenic (As) and boron fluoride (BF2) were used as n and p dopants, by ion implantation with a dose of 5 × 10 15 cm −2 at 50 keV to obtain n/p-Si substrates, respectively. The in-situ deposition of nickel followed by titanium nitride Ni/TiN [15/10 nm] was performed on n/p-Si substrates at optimized conditions of an Ar flow rate 1.8 sccm and a chamber pressure of 2.5 mTorr and different RF powers of 100, 150 and 200 W, followed by the RTA process at 400 °C for 30 s to obtain NiSi. The TiN film was used as a capping layer to prevent the oxidation of Ni during thermal annealing. The CTLM pattern was fabricated on the substrates to measure the contact resistance. Figure 1 shows the experimental flow chart. The structural and surface morphologies were characterized using an X-ray diffractometer (XRD, D/MAX 2500PC, Rigaku, Japan) with CuKα radiation, atomic force microscopy (AFM, MAF20 VEECO, New York, NY, USA), and field-emission scanning electron microscopy (FESEM, Hitachi, S-4800, Tokyo, Japan). The contact resistance was measured using a Kelvin four-point probe (Alessi REL-6100 Cascade Microtech, Beaverton, OR, USA).
Results and Discussion
The influence of the RF sputtering power was investigated, keeping all other parameters, such as gas pressure and Ar flow, fixed at 2.5 mTorr and 1.8 sccm, respectively. Figure 2 shows the plot of thickness and resistivity as a function of the sputtering power. The plot result shows that by increasing the RF power, the rate of film deposition increases while the resistivity of the film gradually decreases. The average lowest and highest thicknesses of the deposited Ni films obtained were 61.3 and 100 nm at 100 and 200 W, respectively. The decrease in the resistivity with an increase in the RF power could be due to the decrease in the Ni film crystallite size and surface uniformity. The lowest resistivity of 1.69 × 10 −5 Ω-cm was obtained for the 150 W-deposited film. It is possible that as the RF power increased, more Ar ions accelerated to hit the Ni target under high power, resulting in more Ni particles being ejected from the target with increased kinetic energy and velocity, resulting in a faster deposition rate. The high sputtering power improved the crystallization of the Ni films and aided in the formation of the Ni films with highly dense microstructures, which, as a result, led to a reduction in the resistivity [22, 23] .
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The structural and surface morphologies were characterized using an X-ray diffractometer (XRD, D/MAX 2500PC, Rigaku, Japan) with CuKα radiation, atomic force microscopy (AFM, MAF20 VEECO, New York, NY, USA), and field-emission scanning electron microscopy (FESEM, Hitachi, S-4800， Tokyo, Japan). The contact resistance was measured using a Kelvin four-point probe (Alessi REL-6100 Cascade Microtech, Beaverton, OR, USA).
The influence of the RF sputtering power was investigated, keeping all other parameters, such as gas pressure and Ar flow, fixed at 2.5 mTorr and 1.8 sccm, respectively. Figure 2 shows the plot of thickness and resistivity as a function of the sputtering power. The plot result shows that by increasing the RF power, the rate of film deposition increases while the resistivity of the film gradually decreases. The average lowest and highest thicknesses of the deposited Ni films obtained were 61.3 and 100 nm at 100 and 200 W, respectively. The decrease in the resistivity with an increase in the RF power could be due to the decrease in the Ni film crystallite size and surface uniformity. The lowest resistivity of 1.69 × 10 −5 Ω-cm was obtained for the 150 W-deposited film. It is possible that as the RF power increased, more Ar ions accelerated to hit the Ni target under high power, resulting in more Ni particles being ejected from the target with increased kinetic energy and velocity, resulting in a faster deposition rate. The high sputtering power improved the crystallization of the Ni films and aided in the formation of the Ni films with highly dense microstructures, which, as a result, led to a reduction in the resistivity [22, 23] . To check the surface morphology of the Ni films deposited at various RF powers, FESEM images were taken and are shown in Figure 3 . The cross-sectional and surface morphology of the Ni film deposited at 100 W is shown in Figure 3a -1,a-2. The average film thickness of the Ni film was 61.3 nm and the surface shows uniform grain disturbance. However, we notice small cracks on the surface of the Ni film. Further, with an increase in the RF power, the Ni film thickness increased. The average thicknesses of the Ni films were 81.7 and 100 nm for RF powers of 150 and 200 W, respectively, as shown in Figure 3b To check the surface morphology of the Ni films deposited at various RF powers, FESEM images were taken and are shown in Figure 3 . The cross-sectional and surface morphology of the Ni film deposited at 100 W is shown in Figure 3a -1,a-2. The average film thickness of the Ni film was 61.3 nm and the surface shows uniform grain disturbance. However, we notice small cracks on the surface of the Ni film. Further, with an increase in the RF power, the Ni film thickness increased. The average thicknesses of the Ni films were 81.7 and 100 nm for RF powers of 150 and 200 W, respectively, as shown in Figure 3b -2,c-2. The surface morphology of the films shows a bigger crystallite size compared to the 100 W Ni film. The structural properties of the films deposited at various magnitudes of RF power are shown in Figure 4 . The main peaks at 44.75°, 54.88°, 76.41° are indexed to Ni (111), Ni (200) and Ni (220), which are attributed to Ni's face-centered cubic (FCC) structure [24] . This indicates that the Ni films were in a well-defined crystalline state during deposition. The average crystallite size of the film was determined from the FWHM of the (111) diffraction peaks using Scherrer's equation [25] ,
where Dp is the average crystallite size, Κ = Scherrer constant (0.94), λ is the x-ray wavelength (λ = 1.54178 Å), β is the full width half maximum (FWHM) of the (111) peak, and θ is the Bragg angle. It was found that the crystallite size varied between 13.59, 16.24, and 14.91 nm as the RF power changed from 100-200 W. According to the calculations, the crystallite size gradually increased with an increase in the RF power until 150 W, which offered the highest crystallite size, and then gradually decreased. It could be that, with an increase in RF power higher than 150 W, the crystalline quality of film decreases, as evident from the decrease in the relative Ni (111) peak intensity at the higher RF power of 200 W.
To analyze the surface roughness of the Ni films deposited at different RF powers, AFM measurements were obtained. Figure 5 shows the AFM images at different RF powers. The RMS values of the Ni films obtained were 1.354, 1.174, and 1.338 nm. It was noted that the Ni film surface roughness decreases at 150 W and gradually increases at 200 W, indicating that the Ni films deposited at higher RF powers show lower film quality. It is observed that the RF power has an influence on the surface structure of Ni films. The Ni films grown at 150 W RF power have a comparatively low kinetic energy of sputtered particles compared to 200 W RF power, which leads to a relatively more random orientation and various sizes of grain growth, which lead to a rough surface. (200) and Ni (220), which are attributed to Ni's face-centered cubic (FCC) structure [24] . This indicates that the Ni films were in a well-defined crystalline state during deposition. The average crystallite size of the film was determined from the FWHM of the (111) diffraction peaks using Scherrer's equation [25] ,
where D p is the average crystallite size, K = Scherrer constant (0.94), λ is the x-ray wavelength (λ = 1.54178 Å), β is the full width half maximum (FWHM) of the (111) peak, and θ is the Bragg angle. It was found that the crystallite size varied between 13.59, 16.24, and 14.91 nm as the RF power changed from 100-200 W. According to the calculations, the crystallite size gradually increased with an increase in the RF power until 150 W, which offered the highest crystallite size, and then gradually decreased. It could be that, with an increase in RF power higher than 150 W, the crystalline quality of film decreases, as evident from the decrease in the relative Ni (111) peak intensity at the higher RF power of 200 W. To analyze the surface roughness of the Ni films deposited at different RF powers, AFM measurements were obtained. Figure 5 shows the AFM images at different RF powers. The RMS values of the Ni films obtained were 1.354, 1.174, and 1.338 nm. It was noted that the Ni film surface roughness decreases at 150 W and gradually increases at 200 W, indicating that the Ni films deposited at higher RF powers show lower film quality. It is observed that the RF power has an influence on the surface structure of Ni films. The Ni films grown at 150 W RF power have a comparatively low kinetic energy of sputtered particles compared to 200 W RF power, which leads to a relatively more random orientation and various sizes of grain growth, which lead to a rough surface. To investigate the effect of RF power on the contact resistance, NiSi films were formed with three different RF powers: 100, 150, and 200 W. An Ni film of 15 nm was deposited using different sputtering powers on the Si substrates. Prior to deposition, the deposition rates were calculated for all three RF powers, and the corresponding sheet resistances were measured. The deposition rates were calculated by depositing Ni for different growth times of 11-14 min, and plots of thickness versus growth time and deposition rate were obtained by a linear fit. The deposition rates were found to be 4.6, 5.1, and 7.1 nm/min at 100, 150, and 200 W, respectively.
In the next section, the three RF conditions are referred to as RF-1, RF-2, and RF-3. Initially, to investigate the lowest sheet resistance of the NiSi phase, Ni films deposited on Si substrates were annealed to form NiSi. The RTA process was performed on the samples with varying temperatures from 300-700 °C for 30 s in a N2 atmosphere. Figure 6 shows the plot of sheet resistance (Rsh) verse RTA temperature; it can be observed that Rsh decreases with increasing temperature from 300 °C until 450 °C, and with further increase in temperature, the Rsh increases drastically. It is well known that at a lower temperature (300-400 °C), the NiSi phase predominantly exists, and with an increase in the temperature, Rsh increases. The lowest Rsh values of 6.04 and 6.46 Ω/sq. were obtained for RF-2 on p and n-Si substrates, respectively. Above the RTA temperature of 550 °C, the sheet resistance increases drastically due to the predominant formation of NiSi2, which is the high-resistance phase. Zhao et al. have reported that above 500 °C, the agglomeration of NiSi increases and irregular nucleation of NiSi2 starts, which leads to an increase in resistance [26] . To investigate the effect of RF power on the contact resistance, NiSi films were formed with three different RF powers: 100, 150, and 200 W. An Ni film of 15 nm was deposited using different sputtering powers on the Si substrates. Prior to deposition, the deposition rates were calculated for all three RF powers, and the corresponding sheet resistances were measured. The deposition rates were calculated by depositing Ni for different growth times of 11-14 min, and plots of thickness versus growth time and deposition rate were obtained by a linear fit. The deposition rates were found to be 4.6, 5.1, and 7.1 nm/min at 100, 150, and 200 W, respectively.
In the next section, the three RF conditions are referred to as RF-1, RF-2, and RF-3. Initially, to investigate the lowest sheet resistance of the NiSi phase, Ni films deposited on Si substrates were annealed to form NiSi. The RTA process was performed on the samples with varying temperatures from 300-700 • C for 30 s in a N 2 atmosphere. Figure 6 shows the plot of sheet resistance (R sh ) verse RTA temperature; it can be observed that Rsh decreases with increasing temperature from 300 • C until 450 • C, and with further increase in temperature, the Rsh increases drastically. It is well known that at a lower temperature (300-400 • C), the NiSi phase predominantly exists, and with an increase in the temperature, Rsh increases. The lowest Rsh values of 6.04 and 6.46 Ω/sq. were obtained for RF-2 on p and n-Si substrates, respectively. Above the RTA temperature of 550 • C, the sheet resistance increases drastically due to the predominant formation of NiSi 2 , which is the high-resistance phase. Zhao et al. have reported that above 500 • C, the agglomeration of NiSi increases and irregular nucleation of NiSi 2 starts, which leads to an increase in resistance [26] . The specific contact resistance ρ C between the Si substrate and NiSi for the three different Ni films were extracted using a 4-wire Kelvin resistance measurement, and ρ C was determined using the following equations [27] :
where Rsh is the sheet resistance, C is the correction factor, LT is the effective transfer length, r is the radius of the inner circle, which was fixed at 80 mm, and s is the gap space, which was split as 8, 12, 16, 20, 24, 32, 40 , and 48 mm. Rsh and LT can be determined via a linear fit of RT at the different gap space values. Figure 7 shows the plot of total resistance measured as a function of the gap space between the inner and outer rings of the NiSi layers for RF-1, RF-2, and RF-3. The lower total contact resistivities of 5.84 × 10 −5 Ω-cm 2 for n-Si and 6.58 × 10 −5 Ω-cm 2 for p-Si are obtained for the RF-2 film, respectively, and the reduction in contact resistance is lower than the Ni Ohmic contacts previously reported [28] . Thus, by controlling the film deposition using RF power, the quality of the NiSi formation can be controlled. A similar conclusion was reported by Gordillo et al. in their work done on the effect of RF power on electrical properties of Mo films. They concluded from their study that a decrease in the resistivity of Mo films was caused by changing the RF power [29] . In our case, different RF powers control the grain size and surface roughness of the Ni films and show different NiSi electrical characteristics. Table 1 shows the measured values of the contact resistivity and transfer length of the NiSi on n/p-Si substrates. Thus, from the results, it could be that Ni films deposited with an RF power of 150 W showed lower contact resistance in comparison to the Ni films at 100 and 200 W power. It is well known that Ni film and Si substrate undergo a sequential reaction from Ni2Si to NiSi and finally to NiSi2 with an increase in the RTA temperature [30] [31] [32] . In our case, the formation of the sequence of Ni silicide phases of the three films varied with the Ni deposition rate and RTA temperature. The Ni film deposited at 150 W could have controlled the NiSi phase with lower resistivity compared to the other two RF powers. These results lead to the conclusion that, by controlling the Ni film deposition rates, it is possible to obtain low-resistivity NiSi for future electronic devices. The specific contact resistance ρ C between the Si substrate and NiSi for the three different Ni films were extracted using a 4-wire Kelvin resistance measurement, and ρ C was determined using the following equations [27] :
where R sh is the sheet resistance, C is the correction factor, L T is the effective transfer length, r is the radius of the inner circle, which was fixed at 80 mm, and s is the gap space, which was split as 8, 12, 16, 20, 24, 32, 40 , and 48 mm. R sh and L T can be determined via a linear fit of R T at the different gap space values. Figure 7 shows the plot of total resistance measured as a function of the gap space between the inner and outer rings of the NiSi layers for RF-1, RF-2, and RF-3. The lower total contact resistivities of 5.84 × 10 −5 Ω-cm 2 for n-Si and 6.58 × 10 −5 Ω-cm 2 for p-Si are obtained for the RF-2 film, respectively, and the reduction in contact resistance is lower than the Ni Ohmic contacts previously reported [28] . Thus, by controlling the film deposition using RF power, the quality of the NiSi formation can be controlled. A similar conclusion was reported by Gordillo et al. in their work done on the effect of RF power on electrical properties of Mo films. They concluded from their study that a decrease in the resistivity of Mo films was caused by changing the RF power [29] . In our case, different RF powers control the grain size and surface roughness of the Ni films and show different NiSi electrical characteristics. 
Conclusions
In this study, Ni films formed at three different RF powers of 100, 150, and 200 W were investigated for low-resistivity NiSi contacts. The result analysis shows a decrease in the resistivity of Ni films with an increase in RF power. The XRD and AFM data on the Ni films clearly support the change in the resistivity with RF power change. Further, low contact resistance NiSi films were formed by annealing the Ni films, and their contact resistances were measured. The total resistance of 5.84 × 10 −5 Ω-cm 2 was obtained for 150 W RF power. The results clearly show that the NiSi formed at 150 W showed lower resistance than NiSi formed at 100 and 200 W. This study is meaningful in that a thin Ni film with a low resistivity was formed by varying the RF power in sputtering, and the formed NiSi phase showed a low contact resistance. Table 1 shows the measured values of the contact resistivity and transfer length of the NiSi on n/p-Si substrates. Thus, from the results, it could be that Ni films deposited with an RF power of 150 W showed lower contact resistance in comparison to the Ni films at 100 and 200 W power. It is well known that Ni film and Si substrate undergo a sequential reaction from Ni 2 Si to NiSi and finally to NiSi 2 with an increase in the RTA temperature [30] [31] [32] . In our case, the formation of the sequence of Ni silicide phases of the three films varied with the Ni deposition rate and RTA temperature. The Ni film deposited at 150 W could have controlled the NiSi phase with lower resistivity compared to the other two RF powers. These results lead to the conclusion that, by controlling the Ni film deposition rates, it is possible to obtain low-resistivity NiSi for future electronic devices. 
In this study, Ni films formed at three different RF powers of 100, 150, and 200 W were investigated for low-resistivity NiSi contacts. The result analysis shows a decrease in the resistivity of Ni films with an increase in RF power. The XRD and AFM data on the Ni films clearly support the change in the resistivity with RF power change. Further, low contact resistance NiSi films were formed by annealing the Ni films, and their contact resistances were measured. The total resistance of 5.84 × 10 −5 Ω-cm 2 was obtained for 150 W RF power. The results clearly show that the NiSi formed at 150 W showed lower resistance than NiSi formed at 100 and 200 W. This study is meaningful in that a thin Ni film with a low resistivity was formed by varying the RF power in sputtering, and the formed NiSi phase showed a low contact resistance. 
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